A fluorine-based reactive ion etch ͑RIE͒ process has been developed to anisotropically dry etch the silicone elastomer polydimethylsiloxane ͑PDMS͒. This technique complements the standard molding procedure that makes use of forms made of thick SU-8 photoresist to produce features in the PDMS. Total gas pressure and the ratio of O 2 to CF 4 were varied to optimize etch rate. The RIE recipe developed in this study uses a 1:3 mixture of O 2 to CF 4 gas resulting in a highly directional and stable etch rate of approximately 20 m per hour. Selective dry etching can be performed through a photolithographically patterned metal etch mask providing greater precision and alignment with preexisting molded features. The dry etch process is presented in this article along with a brief comparison to recently reported wet etch approaches.
I. INTRODUCTION
The silicone elastomer polydimethylsiloxane ͑PDMS͒ is gaining considerable use in the fabrication of microfluidic devices. PDMS finds extensive use in such microsystems since the material itself is inexpensive, standard siliconbased fabrication can be used, processing is cost-effective using soft lithography techniques, 1 is relatively inert, and is transparent to allow optical alignment of multiple layers to render more complicated three-dimensional structures. Fabrication of microstructures makes use of a casting procedure in which uncured PDMS ͑Dow Corning͒ is poured into an epoxy-based thick photoresist mold that has been patterned with the desired shape of the features to be transferred to the PDMS. The mold is made from SU-8 negative photoresist ͑MicroChem Corp.͒ and is often used in microelectromechanical systems ͑MEMS͒ applications requiring thick resist for producing high aspect ratio structures. Consequently, even though SU-8 is a nonstandard thick photoresist, it still employs standard fabrication techniques, including ultraviolet ͑UV͒ exposure tools for pattern delineation. Furthermore, because SU-8 has low optical absorption in the ultraviolet range, near vertical sidewalls can be achieved with overall aspect ratios approaching 18:1. It also has the ability to selfplanarize during the prebake step, resulting in nearly flat features in the PDMS microstructure. After the PDMS has settled in the mold, it is cured to form a relatively rigid and durable device. Subsequently, the elastomer can be removed from the mold by simply peeling it off, or by the selective removal of a predeposited sacrificial layer between the SU-8 mold and the cured PDMS.
Microfluidic channels are typically formed in PDMS by casting a relatively thick layer of uncured polymer in a patterned SU-8 mold, as shown in Fig. 1͑a͒ . 2 The channels formed in this way are able to direct fluid flow along the surface plane of the PDMS. Takayama et al. have shown that the channel topography can be modified by a novel method using laminar flow etching to produce multiple-level features in the PDMS channels. 3 These types of channels can also be fabricated in PDMS by spinning the polymer onto a substrate and then photopatterning it through a mask. For this process, a photoinitiator must be added to the PDMS to make it photosensitive. 4 For other applications such as multilevel fluidic interconnects, fluidic vias ͑f-vias͒, capillary microtubes, and fluid reservoirs, it may be necessary to form precise vertical channels through the thickness of the PDMS layer, as shown in Fig. 1͑b͒ . The basic molding process described above can form these types of structures. The PDMS must be pressed into the mold during the casting process to ensure a͒ Electronic mail: paran@itc.it that the thickness of the final PDMS layer is approximately equal to the mold relief height.
This process often leaves behind a thin residual PDMS layer on top of the mold features that effectively seals one end of the channels formed by the mold. The residual layer can be almost eliminated by increasing the pressing force, but too much force can cause finer mold features to fracture and become lodged in the PDMS layer upon release from the mold. The layer can also be etched away in a solution of tetrabutylammonium fluoride in n-methyl-2-pyrrolidinone. 3 For some applications, it may be desirable to selectively remove some portions of the residual sealing layer while leaving the rest behind. Etching through the sealing layer above a mold feature would produce a through-hole channel in the layer whereas masking the area would leave the layer intact, capping the channel at one end and turning it into a reservoir-like structure. This would make it possible to produce through-hole channels adjacent to reservoir features in a single PDMS layer on a very small scale. This process would require precision masking and anisotropic etching of PDMS. In this article, a dry etch process is presented that is capable of performing highly anisotropic etching of PDMS with standard RIE equipment and process gases. Etching can be performed through a metal masking layer in order to perform the kind of selective etching described above. The process can also be used to create bulk micromachined structures in the PDMS surface. The information presented includes etch rate data, process parameters, and remarks on surface roughness and anisotropy.
Since PDMS is a silicon-based polymer, the required etch chemistry is different from that of polymers consisting mainly of carbon and hydrogen. These polymers can be etched with oxygen, but the siloxane bonds ͑silicon-oxygen-silicon͒ that make up the backbone of the polymer chains in PDMS are not easily broken by oxygen plasma. Any by-products of the oxygen plasma treatment of Si-O bonds are in general not volatile. Oxygen plasma is useful for surface activation of PDMS. Surface activation in an oxygen plasma increases the surface energy and enhances the wetability of the polymer. The effect is only temporary, however, and the surface recovers its natural hydrophobic state over time. 5 Surface activation also enables two surfaces to bond together when brought into contact. This technique is useful for bonding together individual PDMS device layers. 2 Prolonged exposure of PDMS to oxygen plasma only changes the surface into a brittle silica-like layer with tiny cracks. 6 PDMS, like silicon dioxide, apparently requires a fluorine-based etch chemistry.
II. EXPERIMENTAL PROCEDURE
The PDMS used throughout the study was Sylgard 184 from Dow Corning Corp, Midland, MI. The elastomer was mixed in a 10:1 ratio with its curing agent and then placed in a desiccator for at least 45 min to remove the bubbles created during mixing. Samples were then made by either spinning the polymer on precleaned glass slides and curing at 90°C, or by pouring it into plastic weighing dishes and curing at low heat.
The wet etch experiments were performed using a solution of tetrabutylammonium fluoride ͑C 16 H 36 FN͒ in n-methyl-2-pyrrolidinone ͑C 5 H 9 NO͒, 3:1 ͑v/v͒ NMP:TBAF, both supplied by Sigma-Aldrich. The surface of the PDMS was first coated with copper or aluminum either by sputtering or electron-beam evaporation. Rectangular windows were then etched in the metal masking layer using standard photolithographic processing and wet etching. The PDMS was then immersed in the solution and gently agitated during the etch. Agitation was required due to the relatively slow etch rate, and the need to replace etchant at the surface, as is commonly done in the laminar flow etch process described by Takayama et al. 3 The substrates were periodically removed from the etchant, rinsed with isopropanol and water, dried with nitrogen, and examined under the microscope in order to monitor the etch progress. Results of this approach are shown in Fig. 3 and discussed in the following section.
Dry etching experiments were performed in an Oxford Plasma Technology P 80 parallel plate reactor equipped for reactive ion etching. Oxygen ͑O 2 ͒ and tetrafluoromethane ͑CF 4 ͒ gases were supplied by Messer, MG Industries, Malvern, PA. All samples used for etch rate determination were etched for 60 min while the CF 4 /O 2 ratio, total gas pressure, and RF power were varied ͑see Table I͒. The surface of each sample was partially masked with Kapton tape prior to etching in order to create a distinct step feature that could be measured using a Dektak 3030 stylus profilometer. The step height was also measured using a Leitz Ergolux optical microscope with a calibrated reticle. Each sample was cross sectioned and laid flat on a microscope slide to obtain a side view of the etch profile. Several cross sections were taken for each sample and the average step-height value was used.
From the data obtained through profilometry and optical microscopy, the parameters giving the highest etch rate were determined. This recipe was then used to etch simple structures in the surface of fresh PDMS samples. These structures were then examined with a Zeiss DSM 960 scanning electron microscope ͑SEM͒. After SEM inspection, these samples were also measured using the two techniques described above. The structures were defined by first depositing a 5000 Å aluminum or gold masking layer onto the PDMS samples by electron-beam evaporation in a Temescal AST-601 bell jar deposition system. Prior to deposition, the samples were surface activated in an oxygen plasma in order to improve the adhesion of the metal to the PDMS surface. The plasma treatment was done in the RIE system described above at 70 W with 80 mTorr of oxygen for 10 s. After evaporation, the samples were heated in a convection oven at 120°C for 30 min to further increase the adhesion of the metal to the PDMS. Patterns were then generated in the masking layer using either Arch HiPR 6512 positive resist or HNR 120 negative rubber-based resist and wet chemical etching. SEM imaging of the etched structures was used to obtain qualitative data on sidewall aspect ratio and surface roughness.
III. RESULTS AND DISCUSSION

A. Process
The results of the initial dry etching experiment are given in Table I . The purpose of this experiment was to vary process parameters in order to find the recipe that gives the highest etch rate. The samples were all masked with Kapton tape and then etched for 60 min to produce a measurable step in the PDMS surface. This step height was determined by profilometry and optical microscopy, as described in the previous section. Typical etch profiles, as viewed under the optical microscope during measurement, are shown in Fig. 2 . The two samples pictured are from a later experiment and were not used for etch rate determination, but the crosssection view is the same that was used to measure the step heights of the original samples.
Because of the surface roughness of the etch process ͑dis-cussed below͒, all measurements have an estimated standard error of a few microns. For Dektak measurements, the averaging function was consistently used to eliminate some of the error introduced by the rough surface. To minimize the error in the values obtained by optical microscopy, several measurements of multiple cross sections were taken for each sample and the mode values were extracted. The final averaged values obtained by the two measurement techniques usually agreed to within 1 m. These step-height values are reported in Table I as the etch rate in microns per hour.
The best etch rate ͑20 m per hour͒ was achieved using a gas mixture containing 25% O 2 and 75% CF 4 , or sample 8 in the table. Comparing sample 1 and sample 2, we found that no significant etching occurred for 100% O 2 plasma, with total pressure varied from 23 to 60 mTorr. Introducing CF 4 into the mixture, sample 3 shows that for the same power as the pure O 2 plasma, a reasonable etch depth was achieved. Sample 4 shows that 100% CF 4 at the same power and pressure etches 71% faster than the 25% CF 4 mixture.
Samples 5-8 were all etched using a 25% O 2 /75% CF 4 mixture, only varying total pressure and rf power. Comparing sample 5 to sample 3, we find that 75% CF 4 is more efficient than 25% CF 4 , even when the RF power has been reduced. Therefore the partial pressure of O 2 is too high for efficient etching in the 75% O 2 /25% CF 4 mixture. Comparing sample 5 with sample 6 shows that the etch rate is more efficient with 25% O 2 in CF 4 than with 100% CF 4 . For the 1  23  197  100  0  0  2  60  203  100  0  0  3  45  203  75  25  7  4  47  203  0  100  12  5  17  203  25  75  10  6  47  203  25  75  15  7  17  270  25  75  14  8  47  270  25  75 25% O 2 /75% CF 4 mixtures, the etch rate increased with power and gas pressure as can be seen when considering samples 7 and 8 as well. Although the process matrix has not been exhaustively characterized, it is clear that the controllable yet reasonably high etch rate obtainable with a 25% O 2 /75% CF 4 mixture at 47 mTorr and 270 W is optimum amongst these experiments. Apparently PDMS cannot be dry etched with oxygen alone, yet it does appear to increase the etch rate of CF 4 . It was mentioned in the Introduction that since PDMS is a silicon-based polymer, it would require an etch chemistry similar to that required by silicon or silicon dioxide. CF 4 is often used to etch silicon and silicon dioxide because the fluorine atoms form volatile compounds with silicon. While the exact etching mechanism of PDMS in a CF 4 /O 2 plasma has not been determined, the material resembles a combination of silicon dioxide and a carbon-based polymer. CF 4 probably etches PDMS in the same way that it etches silicon dioxide, i.e., by forming volatile SiF x compounds. There are at least two possible explanations for the increase in PDMS etch rate that occurs when oxygen is added to the CF 4 plasma. First, adding oxygen to CF 4 has been found to increase the etch rate of silicon and silicon dioxide by increasing the amount of reactive fluorine atoms present in the plasma. 7 The effect is based on the interaction between atoms in the gas phase and is not dependent on the substrate, so it is equally likely to occur when etching PDMS. The second explanation is based on the fact that while PDMS is a silicon-based polymer, it still contains carbon and hydrogen in the form of methyl groups that occur periodically along the polymer chains. It is possible that these methyl groups are more easily removed when oxygen is added to the plasma, enhancing the overall rate of attack on the PDMS structure.
B. Anisotropy
The effects of the process parameters on anisotropy have not yet been quantified, but there does appear to be a certain degree of lateral ͑as opposed to vertical͒ etching in all cases. Lateral etching was observed with optical microscopy in the samples that were originally prepared for SEM analysis. These samples had lithographically defined metal etch masks with precise dimensions. After SEM inspection, these samples were examined under the optical microscope ͑two of these samples are pictured in the cross section in Fig. 2͒ . It was found that the lateral dimensions of the etched structures consistently differed from the dimensions of the etch mask. For example, one mask contained a 50 by 50 m square opening through which the underlying PDMS was etched to a depth of 80 m. The final lateral dimensions of the structure when viewed from above after removal of the etch mask were found to be 75 by 75 m, an increase of 12.5 m per side. Measurements of additional samples indicated the same degree of lateral etching, and the vertical to horizontal etch ratio appears to be approximately 6:1. The reason for this lateral etching is not clear. It could be due to undercutting of the masking layer or failure of the masking layer at the edges of the pattern. A truly isotropic etch process is characterized by significant mask undercutting and a rounded etch profile. But the etch profile of the PDMS in all cases was essentially square with vertical sidewalls, which would indicate that the etch process is highly anisotropic. Nevertheless, a small amount of undercutting was unavoidable.
C. Surface roughness
Surface roughness in etched PDMS was first observed under an optical microscope while taking step-height measurements to collect the data shown in Table I . As mentioned before, the roughness is problematic because it introduces a small amount of error into all measurements. It is also a problem because it affects the precision of the dry etching technique.
SEM analysis turned out to be the best way to observe surface roughness in etched PDMS samples. Pictured in Fig.  3 are SEM micrographs of two different samples created by etching through different masking layer patterns. The two samples were etched simultaneously in the same RIE reactor, and each is shown at a low and a high magnification. As explained in Sec. II, the aluminum masking layer was deposited on the PDMS surface and then defined using standard photolithography and wet etching. Micrographs 4͑a͒ and 4͑b͒ show the first sample, which was etched through a mask pattern consisting of 750 m wide lines spaced 350 m apart. By etching the surface, it was possible to form a series of parallel channels 350 m and 70 m deep in the PDMS surface. This is the same structure that is shown in the cross section in the optical micrograph in Fig. 2͑b͒ . Figure 4͑b͒ shows the etch step at the edge of the channel at relatively high magnification. The picture indicates a clear difference in the surface roughness between the masked ͑upper͒ and unmasked ͑lower͒ regions. The tiny pitted structures in the etched surface have a depth and diameter ranging from approximately 1 to 10 m. This roughness is characteristic of all PDMS surfaces that have been etched through an aluminum masking layer. The next two pictures, 4͑c͒ and 4͑d͒, show the second sample first at low and then at high magnification, viewed from directly above. The masking layer for this sample consists of an octagon 300 m wide and an adjacent rhombus 45 m per side. The surrounding PDMS was etched back about 70 m to produce raised features in the surface.
The cause of this surface roughness is unknown. One possibility is that the aluminum etch mask is being slowly sputtered away and backscattered by the plasma, only to be redeposited randomly on the substrate surface. The sparse, random redistribution of aluminum on the surface leads to the formation of micromasks on the etch region that prevent uniform, even etching of the surface. This theory is supported by the observation that after the 5 h etch required to make these structures, most of the aluminum masking layer had been destroyed. Some remnants of the masking layer remained, but not enough to provide any etch protection to the PDMS surface. This explains why the surface roughness visible in the SEM photographs in Fig. 3 is not limited to the bottom level but also is present on the top surfaces of the structures, although to a lesser degree. Had the masking layer remained intact during the entire etch process, the surface of the raised areas would be smoother. Since the samples were etched for 5 h, the step height between the two levels should have been approximately 100 m ͑20 m per h͒; instead, it was 70 m because the masked regions were eventually etched back as well as the masking layer was destroyed.
It is also important to note that aluminum films deposited onto PDMS consistently cause a wrinkling deformation a few microns into the polymer surface. The deformation is permanent and is still present after the aluminum is removed. So the surface is somewhat irregular even before the etch is started. This wrinkling appears to be characteristic of aluminum and does not occur in all metal films deposited on PDMS. Gold and copper films, for example, go down flat and produce a mirror-like metal film. PDMS surfaces coated with aluminum and copper are shown in Fig. 4 .
The problem with surface roughness is that it reduces the precision of the dry etching technique for PDMS. For larger structures with dimensions over 50 m, the roughness may not be a problem. But smaller structures cannot be reliably formed with this dry etching recipe because the size of the irregular surface features will be too close to the dimensions of the final structure.
D. Application
As mentioned earlier, one method used to form vertical channels through a PDMS layer ͓see Fig. 1͑b͔͒ is to cast the polymer in a mold and to press with flat plates from either side. 2 Two such channels are shown in Fig. 5͑b͒ . These channels were formed by casting PDMS in an SU-8 mold and pressing from above with 150 g of weight plus a 40 g glass plate used to press the layer flat. The channels are 300 and 100 m wide, and the thickness of the layer is 230 m. After the pressing process, a residual PDMS layer remained on top of the mold features, sealing the end of the channels. An example of this residual layer still intact is shown in Fig. 5͑a͒ for a 500 m wide channel formed in a similar PDMS layer.
In order to open the channels, an unmasked wet chemical etch was performed on the surface of the PDMS in a solution of tetrabutylammonium fluoride in n-methyl-2-pyrrolidinone 3 before removing the membrane from the mold. The entire layer and mold plate were immersed in a dish of the solution and the etch was performed with gentle agitation.
To demonstrate the utility of PDMS dry etching, a fluidic structure was made with both sealed and opened vertical channels ͓a combination of Figs. 7͑a͒ and 7͑b͔͒ in a single PDMS layer. The fabrication incorporated a precision dry etch through a masking layer to open selected channels in the PDMS layer. The etch was also performed by wet etching the surface through a masking layer to draw a comparison between PDMS wet and dry etching and to underscore the benefits of dry etching. First, the channels were formed in two identical PDMS layers using the pressed molding procedure described above. Before the surface etch to remove the sealing layer, a 5000 Å aluminum etch mask was defined on both samples. The idea was to etch open the exposed channels while leaving the masked channels sealed by the thin PDMS layer. The lithographically patterned aluminum masking layer is pictured in Fig. 6͑a͒ . The PDMS structure consists of three square-shaped channels: one 300 m channel covered by the aluminum masking layer and two 100 m channels exposed through the rectangular window in the aluminum and covered only by a 25 m layer of PDMS. In Fig. 6 , the PDMS has not yet been released from the SU-8 mold.
Wet etch
Precision wet chemical etching of PDMS through a masking layer has proven difficult because of the high isotropy of the etch process and the failure of the aluminum masking layer. It was found in most cases that the masking layer was severely undercut or penetrated by the liquid etchant through defects in the metal film. Consequently, structures that should have remained sealed were often etched open. During the etch process, it was necessary to continually remove the sample and inspect the etch progress under a microscope to determine whether the residual layer had been etched through. Typically, the etch rate of the solution decreased significantly over time, and it would take a long time to etch through the final few microns of the residual layer. If the solution had been used before, the etching sometimes took as long as 1 1 2 h with constant agitation. A typical wet etch result is pictured in Fig. 6͑b͒ . There was a great deal of undercutting of the masking layer, and the etchant removed not only the sealing layer above the 100 m channels etched but also the region above the 300 m channel.
Dry etch
The dry etch process was more successful than the wet etch because of its high degree of anisotropy. The final structure is shown in Fig. 7 . The channels in this structure are almost identical to the ones pictured in Fig. 6 , except the large channel on the right side is 500 m instead of 300 m. In the optical micrograph in Fig. 7͑a͒ , the etched area is the rectangular opening below the 100 m channel. This etched region appears to be shifted to the left because of a slight misalignment of the masking layer pattern. The PDMS sealing layer, still intact below the 500 m channel on the right side, is 25 m thick. Only 25 m of etching was required to remove the sealing layer and open the bottom of the 100 m channel, but the region has been overetched to a depth of 55 m. A view of the complete rectangular etch cavity, as seen from the etched side of the PDMS layer is shown in the SEM micrograph in Fig. 7͑b͒ . The micrograph indicates the vertical sidewalls of the etched structure and the difference between the roughened surface at the bottom of the etched structure and the smooth, dimpled surface of the unetched PDMS. The etch time was shorter in this case than it was for the samples shown in Fig. 3 ͑2   1 2 h as opposed to 5 h͒, so the FIG. 6 . Optical micrographs ͑10 ϫ magnification͒ of PDMS cast in an SU-8 mold before ͑a͒ and after ͑b͒ wet etching. The mold contains three features that will leave vertical channels in the PDMS layer once it is removed: one 300 m square channel and two 100 m square channels. ͑a͒ A lithographically patterned aluminum etch mask on the surface of the PDMS layer. ͑Cracks often occur in metal films deposited and patterned on PDMS͒. The two smaller channels are visible through the rectangular window in the masking layer. They are covered by a transparent layer of 25 m thick PDMS. ͑b͒ After wet etching and removal of the aluminum etch mask. The wet etch is highly isotropic and has severely undercut the masking layer, destroying part of the sealing layer that should have remained intact above the 300 m channel.
FIG. 7.
Optical ͑a͒ and SEM ͑b͒ micrographs of a PDMS layer with microchannels formed by SU-8 molding. ͑a͒ Two of the three channels in the layer are visible in the cross section of the structure: a 100 m channel and a 500 m channel. The residual sealing layer left behind after the pressed molding process is still intact beneath the 500 m channel, forming a reservoir-like structure. A rectangular section ͑300 m wide͒ has been etched into the bottom surface through an aluminum etch mask, removing the seal that was at the bottom of the 100 m channel. ͑b͒ The etched structure as seen from the etched side of the PDMS layer. The two 100 m square channels at the base of the rectangular etched region were formed by SU-8 molding.
masking layer remained intact throughout the process. Therefore the masked area does not have the same surface roughness visible in the samples shown in Fig. 3 .
In this case, reactive ion etching was used to supplement the formation of microchannels by SU-8 molding. However, it is also possible to create f-vias through thin PDMS layers using RIE alone. This is important because molding has two limitations when it is used to form small, repeated, highaspect-ratio features in PDMS. First, the narrowest features are prone to fracture and often get lodged in the PDMS when the layer is released from the mold. The second problem is related to batch fabrication of microdevices in PDMS. The inherent shrinkage of PDMS during curing leaves the layer in a stretched state on the mold. When it is released, the material relaxes and contracts, decreasing the distance between features and making alignment to other masks or stretched layers impossible.
IV. CONCLUSION
The goal of this study was to develop and characterize a preliminary dry etching process for PDMS. One of the biggest benefits of using a material like PDMS instead of silicon for microfluidic device fabrication is the fact that it can be cast in a mold, eliminating the need for deep reactive ion etching to create vertical structures. This is important from a cost perspective, especially for labs that are not equipped with a DRIE system. Currently, the size of these vertical structures is limited by the maximum achievable aspect ratio of the mold material ͑about 20:1 for SU-8͒. Dry etching is used extensively in silicon processing to produce welldefined, anisotropically etched structures. This article has presented the development of a dry etching process for PDMS that uses standard RIE equipment and gases. Like SiO 2, , the silicon-based polymer can be etched with CF 4 . Adding 25% O 2 enhances the etch rate to a maximum of 20 m per hour. The process is highly anisotropic and capable of creating structures with vertical sidewalls. There is a significant amount of roughness in the etched surface, and this can compromise the precision of the etch process. The surface roughness is most likely caused by backscattering of the etch mask material as it is gradually removed during the etch process. The best results have been obtained using a lithographically patterned aluminum etch mask. Dry etching of PDMS also has advantages over wet etching including a more stable etch rate and much better anisotropy. Dry processes in general are often better for PDMS because of its tendency to absorb solvents and become swollen and deformed.
Dry etching of fluidic structures also has some advantages over micromolding techniques. These include the ability to form patterns in a relaxed PDMS substrate, eliminating the issue of shrinkage after removing the layer from the mold, and elimination of the problem of fracture that sometimes causes mold features to become lodged in the microchannels they have formed. However, PDMS dry etching will probably be most useful when used in conjunction with previously established micromolding techniques.
Further investigations will be forthcoming on dry etched PDMS, especially with regard to possible changes in the polymer's surface, mechanical, and chemical properties as a result of this fluorine-based etching process.
